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Tunneling characteristics of a two-dimensional lateral tunnel junction (2DLTJ) are reported. A
pseudogap on the order of Coulomb energy is detected in the tunneling density of states (TDOS)
when two identical two-dimensional electron systems are laterally separated by a thin energy barrier.
The Coulombic pseudogap remains robust well into the quantum Hall regime until it is overshad-
owed by the cyclotron gap in the TDOS. The pseudogap is modified by in-plane magnetic field,
demonstrating a non-trivial effect of in-plane magnetic field on the electron-electron interaction.
PACS numbers: 73.40.Gk,73.40.Ty
Tunneling has been demonstrated to be a valuable tool
in the study of collective dynamics of electrons in low di-
mensions. In response to a tunneling event, electrons in
the conduction band must adjust themselves to accom-
modate excess electrons and holes produced during the
process. Electrical responses of tunnel junctions thereby
serve to reveal the correlation properties of many-electron
systems. In considering the effects of electron-electron in-
teraction in low-dimensional tunnel junctions, Altshuler
and Aronov first pointed out that the perturbative effects
of interaction lead to a suppression of the tunneling den-
sity of states (TDOS) at the Fermi edge compared to that
in the non-interacting limit[1, 2]. Tunneling conductance,
which provides a measure of the TDOS, consequently ex-
hibits a minimum at zero bias voltage, leading to the
phenomenon of zero-bias anomalies in tunnel junctions.
To date, a number of metallic and semiconductor tunnel
junctions have provided experimental confirmation of the
zero-bias anomaly in low dimensions[3, 4, 5, 6, 7, 8].
In the limit of strong electron-electron correlation, the
number of available tunneling states at the Fermi edge
becomes sharply curtailed, and a pseudogap emerges be-
low some characteristic Coulomb energy in the TDOS. A
well-known example of such a correlation-driven modifi-
cation of the single particle density of states involves for-
mation of a Coulomb gap in two- and three-dimensional
disordered systems[9, 10]. Efros and Shklovskii proposed
that disorder localizes electrons and limits their ability
to screen Coulomb interaction. A soft gap is produced
at the Fermi edge in the single particle spectrum if the
localization length is considerably smaller than the inter-
electron distance. The density of states, D(E), within
the Coulomb gap is given by D(E) ∝ |E−EF |
d−1, where
d is the dimension. As the interplay of disorder and in-
teraction in two dimensions has received much attention
recently[11], study of the Coulomb gap and the associated
TDOS of a two-dimensional electron system provides a
valuable spectroscopy of electron correlation in two di-
mensions.
In this paper, we report on the low temperature tun-
neling characteristics of a two-dimensional lateral tun-
nel junction (2DLTJ) that couples two side-by-side two-
dimensional electron systems across a thin rectangular
tunnel barrier. Our experiment provides a clear evi-
dence of a pseudogap in the TDOS induced by strong
electron-electron correlation in the 2DLTJ. The pseu-
dogap regime, within which the tunneling conductance
varies linearly with bias voltage, is distinguished from
the ohmic behavior found at larger bias voltages by a set
of conductance maxima occurring at a bias energy com-
parable to the Coulomb energy of the two-dimensional
electron system. The pseudogap features remain robust
well into the quantum Hall regime in the presence of the
magnetic field perpendicular to the two-dimensional elec-
tron system. In-plane magnetic fields, on the other hand,
induce an unexpected weakening of the pseudogap, point-
ing to some non-trivial effect on the Coulomb interaction
of the two-dimensional electron systems.
Fig. 1a illustrates the layout of the 2DLTJ which in-
corporates an 8.8-nm-thick Al0.3Ga0.7As between two
coplanar two-dimensional sheets of electrons. Junctions
were fabricated through cleaved edge overgrowth[12, 19].
Initial growth along the (100) direction consists of
an undoped 13-µm GaAs followed by an 8.8-nm-thick
Al0.3Ga0.7As, and completed by a 14-µm layer of un-
doped GaAs. Then the entire structure is subsequently
cleaved along the (110) plane and a modulation doping
is performed over the exposed edge. Resulting two side-
by-side sheets of identical two-dimensional electron sys-
tems are separated from each other by the Al0.3Ga0.7As
barrier. Photolithography is performed to make inde-
pendent contacts to two-dimensional electron systems on
both sides of the barrier. Samples with areal electron
densities of n1 ∼ 1.1×10
11 cm−2 and n2 ∼ 7×10
10 cm−2
were studied. (110) monitor wafers yield typical mobil-
ities of about 5× 105 cm2/Vs. The barrier width and
height were chosen to ensure that the transport across
the barrier is in the weak tunneling regime.
Fig. 1b shows the differential conductance G = dI/dV
across a 2DLTJ under zero magnetic field and a tem-
perature of 300 millikelvin. The conductance is sym-
metric about the sharply defined zero-bias minimum and
increases linearly with the bias voltage until a set of con-
ductance peaks appears around ±7.2 mV. The tunneling
2FIG. 1: (a) Layout of the two-dimensional lateral tunnel
junction grown by cleaved edge overgrowth. (b) Differential
conductance as a function of voltage bias at zero magnetic
field and a temperature of 300 mK.
becomes ohmic above the ±7.2 mV peaks, demonstrated
by the constant conductance under larger bias voltages.
The observed behavior about the zero bias is consistent
with the expectation for a pseudogap structure in the
TDOS due to the presence of strong electron-electron
interaction. The conductance maxima located around
±7.2 mV can be interpreted as resonances in conduc-
tance at the edges of the pseudogap, providing a mea-
sure of the magnitude of the pseudogap in the TDOS.
Since the width of the tunnel barrier (8.8 nm) is consid-
erably smaller than the average inter-electron distance
a = 2(πn)−1/2 of 34 nm for the density n = 1.1 × 1011
cm−2, it is expected that Coulomb interaction plays a
predominant role in determining the tunneling dynamics
of 2DLTJs.
The significance of the pseudogap structure at ±7.2
mV is further illustrated by the effect of magnetic field
on the 2DLTJ. Fig. 2 shows the evolution of the conduc-
tance across the 2DLTJ under perpendicular magnetic
fields from 0 to 1.35 tesla in increments of 0.05 tesla.
In the range of magnetic field studied, the conductance
at zero bias is generally suppressed by 30 % ∼ 70 %
relative to the conductance maxima around ±7.2 mV.
This suppression points to the significance of electron-
electron interaction in 2DLTJs as similarly reported in
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FIG. 2: Low temperature tunneling conductance between
zero magnetic field and B = 1.35 tesla in steps of 0.05 tesla.
The curves have been vertically offset for clarity. Dashed lines
indicate the conductance peaks around ±7.2 mV that flank
the zero-bias anomalies due to the pseudogap.
the studies of zero-bias anomalies in low-dimensional tun-
nel junctions[1, 2, 3, 4, 5, 6, 8]. The close proximity of
the two two-dimensional electron systems to each other
in the 2DLTJ should produce a significant correction to
the TDOS. According to our observations, the zero-bias
anomaly and the pseudogap features generally remain
unperturbed as the quantum Hall regime is approached.
For B = 1.35 tesla, the bulk Landau level filling ap-
proaches ν ≈ 3 but only a minor variation of the ±7.2
mV feature is detected. Such robustness of the ±7.2 mV
feature, coupled with the strong suppression of tunneling
conductance around zero bias, clearly demonstrates the
pseudogap physics of the 2DLTJ.
In addition to the pseudogap features, a set of small
conductance oscillations are found in Fig. 2. These os-
cillations occur as a result of tunneling between two
counterpropagating edge states sharing equal transverse
momentum[13, 14, 15, 16, 17, 18] and become promi-
nent in the quantum Hall regime[19, 20]. We find that
the tunnel spectrum evolves gradually from the pseudo-
gap physics near B = 0 to the edge-state tunneling in
the quantum Hall regime. The crossover between the
two phenomena occurs around filling factor ν = 3, where
the cyclotron energy is comparable to the magnitude of
the pseudogap. Beyond ν = 3, the edge-state tunnel-
ing becomes very strong and overshadows the pseudogap
features.
In the Coulomb gap envisioned by Efros and
3Shklovskii, the density of states in two dimensions varies
linearly with energy inside the Coulomb gap, D(E) ∝
|E−EF |[9, 10]. Because of the relatively high mobility of
the two-dimensional electrons in our 2DLTJ, the localiza-
tion length of our sample is expected to be larger than the
sample size, and the applicability of the Coulomb gap pic-
ture to our system appears unclear. However, with a bar-
rier thinner than the inter-electron distance, the laterally
separated two-dimensional electrons interact with each
other across the barrier through a strong Coulomb inter-
action in the 2DLTJ. It follows that the strong electron-
electron interaction across a 2DLTJ is responsible for the
correlation-induced pseudogap in the TDOS. In addtion,
the tunneling conductance in a 2DLTJ arises from a con-
volution of the density of states of electrons lying on
both sides of the barrier. The linear dependence of the
conductance on the bias voltage can be interpreted in
terms of the density of states for each side as varying as
D(E) ∝ |E−EF |
1/2 for energies below the pseudogap[21].
Emergence of the pseudogap in the 2DLTJ is evident
from the presence of highly correlated electronic motion.
Prior to a tunneling event, electrons near the barrier dis-
tribute themselves to minimize the overall energy. In
order to transport an electron across the junction, work
must be performed to extract the electron from its initial
low-energy state, which leaves a vacant hole behind. In-
jection of the extracted electron into the two-dimensional
electron system on the opposite side of the barrier re-
quires further work to overcome the ensuing repulsion
between electrons. From this argument, it follows that
a tunneling event across a 2DLTJ requires an average
correlation energy on the order of Coulomb energy EC
to overcome the Coulomb energy barrier against tunnel-
ing. The number of accessible tunneling states at energies
below the characteristic Coulomb energy EC is thereby
small, but increases substantially at energies close to EC .
This produces a pseudogap below EC in the TDOS. For a
two-dimensional electron system, the Coulomb energy is
given by EC = e
2/ǫa, where ǫ is the dielectric constant,
a = 2(πn)−1/2 is the interparticle distance, and n is the
areal density of the two-dimensional electron system.
Empirically we find the pseudogap magnitude to be
∼2EC . Fig. 3 summarizes the positions of the con-
ductance peaks associated with the pseudogaps of two
2DLTJs with different electron densities. The solid
and dashed lines respectively correspond to twice the
Coulomb energy, 2EC , for electron densities n1 and n2.
For n1 = 1.1 × 10
11 cm−2, the pseudogap energy of
∼ ±7.2 meV is comparable to 2EC1 = 6.77 meV. With
the density of n2 = 7.3 × 10
10 cm−2, the pseudogap en-
ergy is ∼ ±5.4 meV, which is comparable to 2EC2 = 5.52
meV. The inset of Fig. 3 shows the square-root depen-
dence of the pseudogap energy on the electron density
n. The multiplicative factor of 2 in front of EC for the
pseudogap energy may be due to the work involved in the
extraction as well as the injection of tunneling electrons
in the 2DLTJ. It remains to be seen whether a detailed
theoretical analysis will yield a pseudogap with a magni-
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FIG. 3: Locations of conductance maxima as a function of
perpendicular magnetic field for both n1 = 1.1 × 10
11 cm−2
and n2 = 7.3 × 10
10 cm−2, where n’s are the electron den-
sities. Predicted Coulomb energies 2EC1 = 6.77 meV and
2EC2 = 5.52 meV are indicated in a solid line and a dashed
line respectively. Inset: Calculated 2EC as a function of elec-
tron density n is shown as a solid curve. Averaged pseudogap
magnitudes for the experimental samples are shown as dots.
tude comparable to our experimental results.
We point out the possibility of multiple tunneling pro-
cesses coexisting with the pseudogap physics discussed
so far. The finite tunneling conductance (∼ 0.05e2/h) at
zero bias may be interpreted in terms of parallel tunnel-
ing processes in the 2DLTJ. A complete suppression of
the TDOS may not occur if midgap tunneling states are
present in the range of parameters studied in the present
experiment. Since the 2DLTJ lies in a three-dimensional
structure, impurities and disorders within the vertically
extended GaAs layers may give rise to 2D-3D or 3D-
3D tunneling processes that potentially contribute excess
states to the TDOS within the pseudogap at biases in ex-
cess of the Fermi energy. In such a case, the |E−EF |
1/2
dependence of the TDOS for a 2DLTJ discussed earlier
may need to be modified. Further experiments should
clarify the origin of the midgap tunneling states.
We now turn to the effect of in-plane magnetic field
on the pseudogap physics of the 2DLTJ. Figs. 4a and 4b
respectively display the evolution of the pseudogap fea-
ture as the in-plane magnetic fields perpendicular and
parallel to the barrier are increased. When a sufficiently
strong in-plane magnetic field is applied, a discernible
decrease in the size of the pseudogap can be seen in both
cases. In addition, dramatic suppressions of the zero-
bias anomalies and the conductance peaks are observed
when the in-plane magnetic field is parallel to the bar-
rier. If the in-plane magnetic field is perpendicular to
the barrier, the gradual suppression of the pseudogap is
accompanied by an emergence of tunneling structures at
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FIG. 4: Tunneling characteristics of two-dimensional lateral
tunnel junction with in-plane magnetic field (a) perpendic-
ular to the junction and (b) parallel to the junction. The
curves have been vertically offset for clarity. (c) Pseudogap
magnitude as a function of in-plane magnetic field. Solid and
hollow squares are obtained when the in-plane field is respec-
tively perpendicular and parallel to the barrier. Respective
linear fits are also shown.
intermediate voltage biases that appears to accentuate
the zero-bias anomaly and result in asymmetry in the
tunneling characteristics.
This startling difference between the tunneling spectra
of the two respective in-plane magnetic field orientations
can be understood by considering the effect of Lorentz
force on the electrons tunneling across the barrier. With
the in-plane magnetic field perpendicular to the barrier,
the electrons tunneling across the junction experience no
additional force as there is no Lorentz force associated
with the magnetic field. When the magnetic field is par-
allel to the barrier, however, the tunneling electrons ex-
perience a Lorentz force along the z direction, perpen-
dicular to the plane. This induced z motion reduces the
number of electrons that partake in the tunneling within
the plane of two-dimensional electron systems. Resulting
reduction in the matrix elements should drastically sup-
press the tunneling when the magnetic field is parallel to
the barrier in comparison to the case with the magnetic
field perpendicular to the barrier.
Fig. 4c summarizes the dependence of pseudogap struc-
ture on the magnitude of in-plane magnetic fields par-
allel and perpendicular to the tunnel barrier. In both
orientations the pseudogap decreases at a rate of ∼ 0.2
meV/tesla between 0 and 14 tesla. For the magnitude re-
duction of the pseudogap we considered the effect of the
change in the thickness of the two-dimensional electron
systems under in-plane magnetic fields. The extent of the
electronic wave functions along the z direction affects the
strength of the Coulomb interaction in two-dimensional
electron systems[22]. Application of magnetic fields gen-
erally reduces the z extent[23, 24, 25], leading to an en-
hancement of the Coulomb interaction energy at higher
magnetic fields. Since a suppression rather than an am-
plification of the pseudogap is observed, it appears that
in-plane magnetic fields generate some non-trivial effect
besides the thickness effect on the electron-electron in-
teraction. Further theoretical analysis is required to un-
derstand the effect of in-plane magnetic fields on the
electron-electron correlation in a 2DLTJ.
In summary, our experiment on 2DLTJs provides a
clear demonstration of a correlation-induced pseudogap
in the TDOS. Strong Coulomb interaction modifies the
density of states at the Fermi edge and produces a gap
with the magnitude approximately twice the Coulomb
energy. The TDOS in the pseudogap regime is suscep-
tible to a significant perturbation from the presence of
in-plane magnetic fields. The anomalous reduction in the
magnitude of the pseudogap points to some non-trivial
alteration of the density of states by in-plane magnetic
fields.
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